projections are activated by physical stimuli such as temperature and pressure (Hensel, 1981).
selective cation channels. TRP channels are divided into cal spectrum sensed by most mammals, with a significant gap in the noxious cold range. Here, we describe three subclasses designated TRPC, TRPV, and TRPM (Montell et al., 2002) . All have six putative transmemthe characterization of ANKTM1, a cold-activated channel with a lower activation temperature compared brane domains with a proposed pore region between transmembrane domains five and six. TRP channels are to the cold and menthol receptor, TRPM8. ANKTM1 is a distant family member of TRP channels with very thought to have cytoplasmic N-and C termini. The three classes of TRP channels are distinguished according to little amino acid similarity to TRPM8. It is found in a subset of nociceptive sensory neurons where it is overall similarity as well as several unique characteristics. TRPV and TRPC members contain two to four coexpressed with TRPV1/VR1 (the capsaicin/heat receptor) but not TRPM8. Consistent with the expression N-terminal ankyrin domains thought to be involved in linking transmembrane proteins to the cytoskeleton. of ANKTM1, we identify noxious cold-sensitive sensory neurons that also respond to capsaicin but not TRPC and TRPM members have a TRP box (with unknown function) following the sixth putative transmemto menthol.
brane domain. The involvement of TRP channels in senIntroduction sory function has been evident since the original TRPC channel was cloned in Drosophila due to its essential John Updike wrote, "Cold is an absence, an absence role in the photoreceptor response to light (Montell and of heat, and yet it feels like a presence" (Updike, 1980) . Rubin, 1989) . OSM-9 and other TRPV-family members The ability to sense cold as a distinct presence resides in C. elegans are required for various sensory responses in specialized neurons within the peripheral nervous sys- (Tobin et al., 2002) . In mammals, TRPC2 is required for tem that detect environmental temperature. The cell the response of vomeronasal neurons to pheromones bodies of these sensory neurons are clustered in ganglia (Stowers et al., 2002) . However, unlike the known mamlocated in the vertebral column and cranium, and their malian thermo-activated TRPs, these channels do not projections extend for long distances to peripheral seem to "sense" stimuli directly but act downstream tissues such as the skin of the trunk and head. It is of various G protein-coupled receptors (GPCRs), most hypothesized that channels present at the end of these probably via the phospholipase C pathway (Montell, 2001 ). Most of the 21 mammalian classical TRP channels described to date have diverse expression patterns and *Correspondence: ardem@scripps.edu varied roles not related to sensory perception, including functions in male fertility and vasorelaxation. It is now recognized that other classes of ion channels are homologous to the classical TRP channels, and a nomenclature system has been proposed to reflect this relationship (Montell, 2001 ). The new subtypes include TRPP for PKD2-like channels (PKD2 is mutated in polycystic kidney disease), TRPML for Mucolipidin-like channels (Mucolipidin mutations are responsible for some lysosomal storage disorders), and TRPN for NOMPC-like channels (NOMPC is required for mecha- Xenopus ooctyes. ANKTM1 is expressed in a small population of sensory neurons that also express TRPV1 but not TRPM8, arguing that at least two distinct groups of whether other DRG markers colocalized with ANKTM1. neurons sense cold temperature.
ANKTM1 is not expressed in heavily myelinated neurons marked by NF-150 kd (Figures 2A-2C ). This suggests that ANKTM1 is most likely expressed in the non-myelinResults ated C-or lightly myelinated A ␦ -fiber population of neurons that sense temperature and/or noxious stimuli. In To date, all five thermo-activated channels identified belong to the TRP family, all characterized by six transaccordance with this observation, we further discovered that ANKTM1 is expressed in Calcitonin gene-related membrane domains (6TM) and most containing N-terminal ankyrin domains (Montell, 2001 ). We took a compeptide (CGRP)-and Substance P (SP)-positive neurons ( Figures 2D-2F , and data not shown). CGRP and SP are bined bioinformatic and expression analysis approach to identify additional TRP channels involved in sensory secreted inflammatory peptides expressed in a subset of nociceptive neurons (Scott, 1992) . Roughly 97% (69/ detection. A search for predicted cDNA sequences that contain both ankyrin domains (PFAM00023) and 6TM 71) of ANKTM1-positive neurons were CGRP-positive. We next examined the expression of ANKTM1 relative domains (PFAM00520) led us to ANKTM1. Human ANKTM1 is an uncharacterized putative channel cloned to known thermo-activated TRP channels. TRPV1 (VR1) is a well-characterized receptor for noxious heat, pH, from cultured fibroblasts (Jaquemar et al., 1999). A previous study found no significant expression of ANKTM1 and capsaicin. Double in situ experiments with ANKTM1 and TRPV1 probes ( Figures 2G-2I ) revealed that 97% in various tissues examined, although EST sequences suggest that ANKTM1 is upregulated in many human (100/103) of ANKTM1-positive neurons also express TRPV1, while 30% (100/336) of TRPV1-positive neurons tumor cells. Full-length mouse ANKTM1 was amplified using RT-PCR from sensory neurons of the trigeminal express ANKTM1. We have previously shown that TRPM8, the cold and menthol receptor, is not coexand dorsal root ganglia (DRG) (data not shown). Theoretical translation of the nucleotide sequence predicts an pressed with CGRP and TRPV1 in DRG neurons (Peier et al., 2002a) . Quantitative analysis of double in situ 1125 amino acid protein very similar to human ANKTM1 (1119 amino acids) (GenBank accession number hybridizations confirmed our initial observation: we found no TRPV1 expression in 95 TRPM8-positive neu-AY231177). Mouse ANKTM1 has 14 predicted N-terminal ankyrin domains followed by a 6TM domain.
rons (data not shown). Since ANKTM1 expression overlaps with CGRP and TRPV1, we would expect ANKTM1 ANKTM1 seems to be the sole mammalian member of a distant subfamily of TRP channels (data not shown).
and TRPM8 not to be coexpressed. Indeed, in double in situ hybridizations, we observed no overlap of expresWe analyzed overall tissue distribution of ANKTM1 by Northern blot analysis using a probe corresponding to sion between ANKTM1 and TRPM8 (n ϭ 113 for ANKTM1 and 137 for TRPM8) ( Figures 2J-2L ). Taken together, nucleotides 590-1492 of mouse ANKTM1. ANKTM1 expression was not detected on a blot containing mouse these results indicate that ANKTM1 is expressed in a subpopulation of nociceptive/thermoceptive neurons tissues such as heart, lung, skeletal muscle, and kidney ( Figure 1) . We also probed a blot containing rat tissues that coincides with noxious heat-activated TRPV1 but not with the cool/cold-activated TRPM8 ( Figure 2M ). We were intrigued by the possibility that cooling agents other than menthol might trigger calcium influx in ANKTM1-expressing cells. High concentrations of camphor (400 M), which fail to activate TRPM8, also had no effect on ANKTM1 (data not shown). Icilin, a cooling agent and potent activator of TRPM8, also activated ANKTM1-expressing cells ( expressing cells exhibited a broader range of activation 35) ( Figure 5A and 5B, and data not shown). When maintained at lower temperatures, the current inactivated temperatures (12-24ЊC) with an average activation temperature of 17.5 Ϯ 3.5ЊC (mean Ϯ SD, n ϭ 100). ANKTM1-and TRPM8-expressing CHO cells were as-ANKTM1-and TRPM8-expressing cells demonstrates a colder threshold of activation for ANKTM1 ( Figure 5B ). sayed electrophysiologically using the whole-cell patch clamp technique. The cells were clamped at Ϫ60 mV Currents evoked by decreasing the temperature in ANKTM1-expressing cells show outward rectification, and the temperature of the perfused bath solution was decreased from 32ЊC to 10ЊC. In ANKTM1-expressing with substantial current in the inward direction ( Figures  5C and 5D) . A reversal potential of ϩ7.7 Ϯ 1.2 mV was cells, small and slowly developing inward currents were observed followed by rapid and larger phase currents observed in an external solution containing 140 mM NaCl (n ϭ 6). Reducing the NaCl in the external solution with an average peak amplitude of 0.55 Ϯ 0.07 nA (n ϭ to 40 mM (by equimolar replacement with 100 mM chorents were similar in simplified external solutions containing 100 mM choline Cl and 40 mM NaCl, KCl, or line chloride) caused a negative shift in the reversal potential, consistent with ANKTM1 being a cation chanCsCl. The measured reversal potentials yield relative permeability ratios of P K /P Na ϭ 1.19 and P Cs /P Na ϭ 1.42 nel. Differences in reversal potentials were used to determine the ionic selectivity of ANKTM1. The shift in (NaCl, E rev ϭ Ϫ10.35 Ϯ 1.6 mV, n ϭ 7; KCl, E rev ϭ Ϫ7.65 Ϯ 1.5 mV, n ϭ 8; CsCl, E rev ϭ Ϫ4.75 Ϯ 0.75 mV, n ϭ 7). reversal potential by Ϫ18 mV to Ϫ10.35 Ϯ 1.6 mV (n ϭ 7) seen upon replacing 100 mM NaCl with 100 mM choThe relative permeability of Ca 2ϩ and Mg 2ϩ were estimated from the shift in reversal potentials when their line Cl gives a relative permeability ratio of P choline /P Na ϭ 0.28. The reversal potentials of the cold activated curconcentrations were raised from 1 to 30 mM in a 40 mM NaCl /100 mM choline Cl solution containing the divalent ANKTM1 to cold stimuli was observed ( Figure 6 , and data not shown). Cold activation of ANKTM1 showed a cation under investigation. The reversal potential shifted from ϩ0.54 Ϯ 3.3 (1 mM CaCl 2 , n ϭ 6) to ϩ14.16 Ϯ 3.9 marked desensitization during a first cold pulse and desensitization to repeated cold pulses (Figure 6 ). On mV (30 mM CaCl 2 , n ϭ 6) for Ca 2ϩ and from Ϫ14.36 Ϯ 1.1 (1 mM MgCl 2 , n ϭ 6) to ϩ7.01 Ϯ 2.9 mV (30 mM average, the second cold pulse resulted in a current that was 26% of the first pulse in ANKTM1-injected MgCl 2 , n ϭ 6) for Mg 2ϩ , corresponding to P Ca /P Na ϭ 0.84 and P Mg /P Na ϭ 1.23 ( Figure 5D , and data not shown).
oocytes (SD ϭ 6.5, n ϭ 5), compared to 78% for TRPM8 (SD ϭ 5.9, n ϭ 4). We also tested whether icilin activated These results indicate that ANKTM1 is a non-selective cation permeable channel, similar to many previously Xenopus oocytes injected with ANKTM1 cRNA. Currents were elicited by 25 M and 200 M of icilin, but not with described TRP channels.
To investigate the properties of ANKTM1 in another 1 M. All three concentrations activated TRPM8 injected oocytes but not uninjected ones (data not shown). heterologous system, we injected Xenopus oocytes with ANKTM1 cRNA. We observed large currents in response The characterization of ANKTM1 as a cold-sensitive channel expressed in nociceptive neurons distinct from to cold temperatures, similar to the activity of ANKTM1-expressing CHO cells (Figure 6 ). In both Xenopus oo-TRPM8-positive neurons immediately raises the interesting question as to whether ANKTM1-like characteriscytes and CHO cells, a strong desensitization of Table 1 ). This agrees with our expression analysis and represents strong evidence that cold-sensitive neuchemical stimuli. We perfused these neurons with cold buffer (33-9ЊC), followed by menthol (250 M), capsaicin rons with ANTKM1-like characteristics are present within the DRGs. With NGF in the culture conditions, in (100 nm), and heat (45ЊC; heat activated the same neurons that responded to capsaicin over 95% of the time, addition to all of the menthol-insensitive cold neurons, about 50% of the menthol-sensitive neurons also reand we focused mainly on the capsaicin response). Menthol represents a very powerful tool for these experisponded to capsaicin ( Figures 2M and 7C) . threshold of activation 15ЊC) but not to menthol ( Figure  7 and Table 1 ). This is consistent with the expression The coexpression of TRPV1 and ANKTM1 also raises the possibility that the two channels might interact by profile and activation characteristics of TRPM8 and ANKTM1, respectively.
influencing the properties of one another. We addressed this issue directly by transiently transfecting human Since ANKTM1 is expressed in a subset of TRPV1- . We believe that the response of single neurons receptor, TRPM8. Interestingly, icilin, a potent cooling to both menthol and capsaicin is due to a change in compound, activates cells expressing either channel. TRPV1 (or TRPM8) expression or activity levels induced However, at the amino-acid level, the two cold-recepby the culture conditions. Indeed, the presence of NGF tors have no significant similarity. In contrast, the four (which is routinely used at high levels in these cultures) heat-activated TRPV channels have at least 40% similaris known to have profound effects on capsaicin/heatity. The transmembrane domain of ANKTM1 is more responsive DRG neurons in culture (Aguayo and White, similar to TRPV members than to any other mammalian 1992). NGF sensitizes TRPV1 activity, and has been proteins. This amino acid similarity is likely significant shown to upregulate TRPV1 mRNA and protein in culat the structural level since ruthenium red, a potent tured DRG neurons ( Calcium imaging experiments were performed 18-36 hr after plating. temperature of activation of 60-100 cells each from three replicate experiments was analyzed. Threshold of activation was defined as For calcium imaging experiments, DRG neurons were treated as described for CHO cells except that they were loaded with Fura-2 20% above baseline. For ANKTM1/TRPV1 coexpression experiments, GFP-positive cells in a field were chosen for analysis. Differfor 30 min at 37ЊC. ences in threshold of activation were analyzed by using Student's t test. Hanks balanced salt solution (HBSS) and HEPES buffers were
